Deformed arches are often key elements of archaeoseismic studies; arches have been in use for more than three millennia and damage, particularly moved keystones, are clear indications of a seismogenic cause. We introduce a damage evaluation scheme that allows a straightforward determination of the degree of damage to an arch based on laser scan models and digital images. The scheme is applied to 90 arches of the Nimrod Castle, which is neighboring the Dead Sea fault and which was heavily damaged during the 1759 Lebanon earthquake. The analysis shows that the a priori assumption of a correlation between arch orientation and damage degree does not hold for the entire building. An exception is a large tower including a secret passage in which voussoirs have dropped along a more than 20 m long section.
INTRODUCTION
Earthquake effects on archaeological structures and the environment can take on various forms of appearance (Marco, 2008) . Rodríguez-Pascua et al. (2011) suggested a scheme to categorize what they called Earthquake Archaeological Effects (EAEs) into (1) geologic effects, (2) building effects (both of which are considered as primary effects), and (3) secondary effects such as fire, abandonment of sites, etc. Although this scheme provides a method of systematically identifying and categorizing the EAEs when exploring an excavated site or evaluating a persisting monument, it does not include any quantification of the severity of the observed effects. However, the latter is essential if reasonable interpretations of the causative seismic ground motions are of interest or damage patterns are to be made.
Among the "building fabric effects", which following Rodríguez- Pascua et al. (2011) are a sign of strain deformational features generated by transient shaking, the sixth EAE listed in their table is that of "Dropped key stones in arches or lintels in windows and doors." In this contribution, we concentrate on the EAEs on stone arches, which in addition to the drop of keystones can include several other forms of deformations, such as rotation, and/or cracking and spalling.
Arches represent an important building element in archaeoseismology for several reasons: (1) arches have been in use for some 4000 years, (2) arches are found in many cultural backgrounds, and most importantly, (3) although many EAEs may have causes other than earthquake ground motions, a drop of keystones or voussoirs of arches is only possible in cases of destabilization of the static situation. This induced instability, in turn, can only be caused by a transient (horizontal) ground motion, usually parallel to the trend of the arch, unless compression failure of blocks occurs due to alteration.
Several approaches have been made to study the behavior of arches under dynamic loading, both analytically and numerically, as well as with small scale models (e.g., Fanning et al., 2001; De Lorenzis et al., 2007; Kamai and Hatzor, 2007; De Jong and Vibert, 2012) . To compare modeling results and observations, a systematic approach to describing the damage-as is suggested in this contribution-is helpful.
Structures or archaeological sites with a large number of arches oriented in different directions are interesting archaeoseismological targets. The main questions to be answered for such sites are: (1) is the orientation of strain uniform within a large structure; (2) is the strain orientation in the arches indicative of an earthquake source; and (3) what determines the type and degree of damage in individual arches, is it the wall orientation, the shape/ geometry of the arch, or the location within the site? are proportional to the span and inversely proportional to the rise (Fig. 1) . Increasing load will cause an increase of the outward push at the arches' base, referred to as an "arches' thrust" (Fig. 2 ) (Ambrose and Tripeny, 2011) . To make the arch stable, the thrust must be restrained by either internal ties (e.g., clamping devices) or by external bracing through appropriate buttresses. Figure 1 shows the common nomenclature used for the individual parts forming an arch and its major dimensions. Arches of various types have been in use at least since the Bronze Age. Early versions, for example, in Mycenaean structures, were corbeled arches where the wall gap is being closed by successively offsetting stone courses from the sides until they meet in the center and the top is closed by a flagstone (Fig. 2) . Corbeled arches are not considered true arches, as not all of the tensile stresses from the weight of the superstructure are transformed to compressive stresses in the blocks forming the arch, and consequently corbeled arches are not completely self-supporting structures.
The Ashkalon arch in Israel, dating to 1850 BCE, is by some sources considered to be the oldest true arch known (Schloen, 1995) . The ancient Greeks developed arch engineering and the Romans adopted the techniques from the Etruscans. In the first century CE, the Romans extended the arch building technique to vaults that could roof large interior spaces.
DAMAGE QUANTIFICATION SCHEME
To define a quantification scheme of the damage to arches, we followed the approach of damage grades to structures given in the European Macroseismic Scale EMS98 (Grünthal, 1998) . Our definition of arch damage grade (ADG) is based on three categories: (1) fractures of plaster and/or mortar (if any) and fracturing of the building blocks of the arch, (2) deformations, including vertical and horizontal movements of voussoirs and/ or keystones including rotations, and (3) spall and breakout, particularly at the corners of pillar stones, voussoirs, and keystone. Figure 3 shows examples of damage for these categories of differing severity.
The importance of the amount of movement of individual blocks of arches from their original position varies with the overall size of the structures. Therefore, we related the horizontal and vertical components of movement of blocks to the span and the rise of the arches, respectively. Damage grades were assigned to the percentage bins of these movement measures listed in Figure 4 . The bins are somewhat arbitrary; however, we tried to adhere to the accuracy with which the deformations can be measured and also utilized our experience from inspecting numerous arches at different archaeological sites. For fractures and spall, we followed a more descriptive approach similar to that used in intensity scales. The definitions of quantities (few, many, most) are adopted from the EMS98. Figure 4 shows a spreadsheet that allows a rapid estimate of the overall ADG by clicking the appropriate radio button in each category. In general, the average of the individual grades from all categories is taken as the total ADG. Exceptions to this are only made when the keystone and one or more voussoirs dropped; in this case, the grade is set to 7, independent of the grades in other categories. In case of a collapsed arch, ADG 8 is assigned.
This scheme was developed mainly for application to round or segmental arches. An original draft of the scheme was modified and adapted during the processing of the 95 arches used as examples in this study. The form of an arch has a significant influence on how it reacts to ground motions. For Lancet or equilateral pointed arches that do not have a classical keystone, a somewhat modified scheme would be necessary to deduce ADGs.
THE NIMROD CASTLE
Kalat Nimrod (originally called Kalat Subayba) overlooks a narrow, deep valley that separates Mount Hermon from the rest of the Golan Heights. It was built during the thirteenth century starting in 1228 to control the road linking the Galilee with Damascus, and the former Crusader town of Banias (Ellenblum, 1989 ). The fortress complex (Fig. 5) extends 420 m east-west and 150 m north-south. It was built of large, squared ashlars. Along the walls are numerous semicircular and rectangular towers. These are roofed with pointed cross arches. At the eastern edge of the fortress stood a large keep, measuring 65 × 45 m and protected by massive rectangular towers.
Geologic Setting
The hill of Kalat Nimrod (Fig. 5) consists of early Jusassic limestone, the same formation that comprises most of Mount Hermon (Sneh and Weinberger, 2003) . Mount Hermon forms part of a northeast-trending anticlinal structure that was formed by superposition of two tectonic stages: the anticlinal folding that is part of the Cretaceous to the Early Tertiary "Syrian Arc" fold belt, and a right (restraining) bend of the sinistral Dead Sea fault (DSF) system (Garfunkel, 1981) . The fortress is built on top of a dominant hill between elevations of 770 m at the western end and 830 m at the eastern end (33°15′ 9.52″N; 35°42′54.24″E). Early Cretaceous mafic dikes, lavas, and pyroclastics that had intruded into the Jurassic sediments (Wilson et al., 2000) were interpreted as part of a hot spot trace in the Middle East (Garfunkel, 1991) .
The DSF branches into three strike-slip faults at the northern end of the Hula Valley: the Serghaya, Rachaya, and Hasbaya faults, along with the main carrier of the motion which is on the Yammouneh fault . Paleomagnetic records that show counter-clockwise rotations of up to 65°in the vicinity of Mt. Hermon indicate that this geometry of left-lateral strike-slip faults is associated with rotations of the intervening blocks as a mechanism for partial accommodation of transpression within the restraining bend of the DSF (Ron, 1987) . The Nimrod fortress is built on a block that is bounded by the Rachaya fault on the northwest and a complex fault zone on the southeast (Fig. 5c ).
Seismicity
The historical earthquakes that postdate the construction of the fortress occurred in November 1759 and in January 1837. The latter one, which was attributed to surface rupture along the Roum fault (Nemer and Meghraoui, 2006) , primarily affected southern Lebanon (Ambraseys, 1997) . In a detailed account by George Robinson, who traveled in the Middle East in 1837 shortly after the earthquake, the fortress is described as having suffered damage by an ancient earthquake (Robinson, 1837). We therefore assume that the 25 November 1759 earthquake caused most of the observed damage. The source of this earthquake along the Serghaya fault is determined by paleoseismic studies (Gomez et al., 2001; Nemer et al., 2008) . This determination conforms with the center of damage delineated by Sieberg (1932) and Ambraseys and Barazangi (1989) . The rupture of an earlier earthquake that occurred in 30 October 1759 offset archaeological structures of Tell Ateret (Marco et al., 1997; Ellenblum et al., 2015) and a series of streams (Marco et al., 2005) along the Jordan Gorge section of the DSF. However, the measured slip of 0.5 m indicates a moderate earthquake with an estimated magnitude of ∼6.2 based on the extent of damage and contemporary reports (Ambraseys and Barazangi, 1989) . We cannot rule out that some of the damage to the fortress was associated with the 30 October 1759, but it is unlikely that it was extensive.
3D Laser Scans and Damage Analysis
The semicircular arches, on which we concentrate in this study, became a popular feature in Islamic sacral, as well as defense, architecture. It was probably adopted from horseshoe arches which were constructed as early as the fifth century by Persians and Byzantines in Syria and Persia.
A contemporary visitor usually enters the remains of Kalat Nimrod from the southwest. The most striking features here are the walls of the gate tower (Hartal, 2001) . From the platform, which was once the first floor of the extended tower, completely surrounded by walls and now in the open, one can see the most spectacular damage: the two arches oriented east-west (the severe deformation photo in Fig. 3 ) with the eastern voussoir next to the keystone moved by up to 26% of the rise, whereas the neighboring arches at 2 m distance in north-south orientation do not show severe deformation. Although exploring the rest of the fortification, the impression may arise that directionality in the overall damage pattern of the arches exists. So quantification of ADG was used to test this subjective impression.
To systematically study the state of the arches of Kalat Nimrod, we used digital images and 3D laser scans. The latter were taken by a high-resolution phase scanner which allows quick (up to 900; 000 pts=s) and 3D surveying of the targets. Depending on the scan targets, at least two but sometimes up to six, single scans were combined to a 3D model of the targeted arch. Table 1 lists the 95 arches which were accessible and selected for this study. In addition to the location in a local rectangular coordinate system (Fig. 6 ), the azimuth with respect to north and the dimensions are listed. Table 1 . The rise of most arches follows a clear linear relation of 0.55 times the span, indicating that the arch type is circular (Fig. 2b) .
For the analysis of an individual arch, a plot with the digital photograph next to an orthographic front view from the laser scan, a crosscut view and a longitudinal section were produced (Fig. 8) . Displacement vectors were measured within the scan model and cracks and breakouts marked on the photos. These plots, in combination with the deformation measures, were used to fill out the evaluation sheet from Figure 4 for each arch.
Of the 95 arches, ADGs were determined for 90; the view to the missing five was obscured so that not all the important parts of the arches were visible. The histogram in Figure 8e shows that the ADGs range from 1 to 8, with a maximum of the distribution between ADGs of 3 to 3.5. A slight tendency toward increased ADGs with increasing arch span might be deduced from Figure 8f ; however, there are not enough wide arches with a span above 4 m to adequately quantify this conclusion. Figure 8g shows that the original hypothesis of a clear correlation between the azimuthal orientation of an arch and the damage it suffered does not hold. Considering the fact that there are only few arches within the azimuthal ranges from 20°t o 50°and 125°to 140°the distribution of ADGs with azimuth appears to be fairly uniform. The spatial distribution of ADGs is plotted on top of the plan of Kalat Nimrod in Figure 9 .
The Secret Passage
The gate tower that was built in 1230 ( Fig. 6) (Hartal, 2001) was partially destroyed during the 25 November 1759 Lebanon earthquake. A wedge extending from the western base to the eastern top of the tower collapsed and the remains are found at the foot of the hill. However, the eastern elements of the tower survived intact and display interesting deformations, including those in a so-called secret passageway which filled the space between the tower's western wall and the cliff. At the time when the fortification was damaged by the earthquake, the gate tower had been significantly extended compared with its original size. Hartal (2001) reconstructed the size at the base of the extended tower to 22:5 × 31:8 m and a height of more than 30 m. The extension, when intact, was mantling the former tower on all but the eastern side where the lower part of the tower is leaning against the outcropping bedrock. The passage has a total length of 27 m, is 1.80 m wide and includes an upper ▴ Figure 6 . Plan of the Kalat Nimrod castle based on the work of Deschamps (1939) and Hartal (2001) . Superimposed on the major structural elements of the fortification are the 95 arches listed in Table 1 . The center of each arrow represents the position of an arch, the arrow head points to the right when looking at the arch from the outside, and the arrow length varies with the span of the arch. Labels are those from Table 1 . The axis units are in meters, the origin of the local coordinate system was chosen at the southwestern corner of the fortress. The color version of this figure is available only in the electronic edition. and lower staircase with a corridor that connects both. North of the corridor at the start of the lower staircase the passage makes a 55°turn to the east followed by a second turn of 35°, so that 90°are reached in total (Fig. 10) . The latter includes two loopholes, and at the upper part of the lower staircase there are two small illumination windows. The west wall and the north wall of the tower served as the passage's outer walls, whereas the inner walls were built against the bare rock (Hartal, 2001) . Both walls and the roofing barrel vault were built from large ashlars, the latter of about 0:6 × 1:2 − 1:6 m. The vault is made of two rows of these large ashlars on each side with a much smaller keystone (bottom width 0.2 m) in the middle. From an archaeoseismological perspective, this secret passageway is of particular interest and shows an extraordinary damage pattern. The complete row of ashlars east of the keystone moved vertically down by up to 0.25 m along the upper staircase and the corridor (Fig. 10) . This deformation continues beyond the corridor around both bends of the passage where it gradually decreases toward the lower end of the passageway at the postern. Figure 10c shows four crosscuts through the laser scan model of the secret passageway. We used the virtual model to measure the resulting block movement (vector sum of horizontal and vertical displacement) at sections separated by 1 m distance (Fig. 10d) . The first section was taken immediately at the beginning of the remaining roof of the passageway. The large displacement here of almost 0.20 m is influenced by the missing buttresses, particularly at the western side. From section 2 to 6, which is past the first loophole, the deformation increases Arch damage grade (ADG). Table 1 with respect to north; bin size is 15°.
steadily from 0.05 to 0.17 m. The following three sections (8-10), which are in the range of the second loophole, are slightly less deformed. Along the further trend of the corridor, the deformation increases toward its maximum at section 14 with a value of 0.25 m. From there we see an almost linear decrease of the deformation along the second staircase up to section 20 m just in front of the second bend of the passageway. Here, the deformation is down to 0.05 m and it vanishes at section 25. This deformation pattern cannot be evaluated by the proposed scheme from Figure 4 . However, the displacements of the voussoir alone result in AGDs of 6. The uniform drop of the first voussoir east of the keystone along the whole passageway is exactly the same deformation pattern as seen in arches GT1, GT2, and GT3, which are located east of the passage with a cross section parallel to that of the corridor. The displacement of voussoirs here is between 0.17 and 0.37 m. Figure 11 shows a damage scenario which might explain the reason for the existing deformation. The sliding voussoirs indicate a strong westerly directed component of ground motion (arrows not to scale), which disturbed the static equilibrium of the arches. The whole mass of the tower moved westward, probably with increasing amplitudes toward its top. The arches opened and allowed the voussoirs to drop before the back swing of the motion closed the gap. The ground motion also induced some corner expulsion of building material at the northwestern corner of the gate tower, which in turn was ▴ Figure 8 . responsible for the continuation of the voussoir sliding at the lower staircase. The motion was strong enough to topple the outer section of the gate tower, leaving an almost 45°west-dipping slope of the ruin. This rather strong directional motion also explains why Kamai and Hatzor (2007) were able to model the voussoir drop of the arch GT1 (Table 1, Fig. 6 ) in an east-west directed 2D discrete element model.
DISCUSSION
The ADGs defined in the selected scheme are nothing more (but also nothing less) than a systematic grading of the degree of damage of a common structural building element found in numerous excavated or persisting monuments. However, they should not be equated to site intensities.
The suggested scheme contains arbitrary and/or subjective elements (categorizing the deformation in fractions of the structure's size, small versus extended fractures, small or large spalled patches of rock, and the speculative quantity definitions); however, these factors also apply for any macroseismic scale and have proven their usefulness in a multitude of applications since their introduction by pioneers such as, for example, Mallet (1862), Mercalli (1902), and Sieberg (1904) .
Although in our approach we used laser scan technology to precisely measure deformations, fracture length, spall patches, and rotations, these features can also be mapped on site with classical tools, can be taken from archaeological drawings, or can be measured on high-quality photographs. Even older black-and-white photographs of arches in archaeo-▴ Figure 9 . On top of the map from Figure 5 the ADGs of all 90 evaluated arches are plotted. The range of values is indicated by the legend. Five zoom windows give an enlarged view of sections with dense arch coverage. At towers with arches A12.x and A8.x higher ADGs are found on the western side of the structures. For the huge tower with the arches A19.x at the northeastern corner of the fortification, the damage at the outer edge of the tower is greater than at the hill side. At the large rectangular tower at the southwestern corner, no pattern in the distribution of the damage degree was found. The color version of this figure is available only in the electronic edition. logical archives can be used in cases where the original arches are no longer accessible or have been altered since their discovery.
Kalat Nimrod, when struck by the 1759 Lebanon earthquake, contained many more arches than we surveyed in this study. Our selection does not represent the complete damage scenario, because we did not include in our survey the many totally collapsed arches for which the deformation of the upper part allowed the keystones to drop completely out. However, the spatial distribution of our records covers most of the site and can be considered a fairly representative sample of the arches that did not collapse.
The intention of the survey of the fortress was to test first whether the suggested evaluation scheme of ADG is of practical use and second if we can see any pattern in damage distribution throughout the large castle. The latter is not the case. When the damage grade of all surveyed arches is taken together with respect to the arches' orientations, no clear pattern can be discerned. Our original hypothesis was triggered by the obvious difference in deformation between arches GT1, GT2, and GT3 on the one hand and arches GT9 and GT10 on the other. These are located near the entrance of the inner gate in the gate tower, oriented almost exactly at 90°with respect to each other and show severe and almost no movement of voussoirs, respectively. GT9 does show severe spalling at the pillar blocks and voussoirs, also indicating a strong westerly component of ground motion. As indicated in Figure 9 , this orientationdependent voussoir movement is found throughout the gate tower including the secret passage. Although here in the gate tower the collapse obviously induced the damage of the oriented arches, this is not generally the case throughout the fortress as a whole.
The arch labeled GT1 was the object of a discrete element model by Kamai and Hatzor (2007) to estimate ground-motion parameters that caused the damage. They concluded that a peak acceleration of 1g at a frequency of 2 Hz within the modeled structure is sufficient to explain the deformation. This leads to a horizontal displacement of ∼6 cm at the first-floor level of the tower; possibly at higher levels of the tower the displacement was even greater. These dynamic properties are in agreement with an estimate of the minimum horizontal opening that the arches GT1-3 must have experienced. Measurements from the laser scans indicate that the dislocated voussoirs required an opening of the arch between 4.5 and 5 cm.
CONCLUSION
Arches have been a common construction element to span wall openings for nearly four millennia. During earthquake ground motions they act like structural seismoscopes because a drop of keystones and/or voussoirs require a certain amount of horizontal deformation. To relate damage of arches to ground motions of an earthquake, a scheme to quantify damage grades is necessary. The scheme of ADGs introduced in this contribution showed its usefulness in evaluating damage by the 1759 Lebanon earthquake to the extended Kalat Nimrod castle. The subjective impression of a correlation between arch orientation and type and degree of damage was not confirmed by the thorough analysis of 3D laser scans and digital photographs. However, the suggested method provided a deeper insight to the damage process, particularly that of the spectacular gate tower of the castle that includes a socalled secret passage.
This approach to quantitatively evaluate damage in an archaeoseismological context-in this case, damage of archeshas shown once more that quantitative analyses are necessary in archaeoseismology to minimize subjective influence during damage interpretation.
DATA AND RESOURCES
All measures and damage features of Nimrod arches were collected as part of this study. Topography data in Figure 5 are from Shuttle Radar Topography Mission (SRTM), data available from the U.S. Geological Survey. All other data used in this article came from published sources listed in the references.
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